S
IX PARK GENES EXPLAINING FAmilial Parkinson disease (PD) have been identified, with much interest in the most recently identified leucine-rich repeat kinase 2 gene (LRRK2). Parkinson disease associated with LRRK2 has an autosomal dominant pattern of inheritance; however, many patients with LRRK2 G2019S substitutions do not have a family history of PD. The clinical and neuropathological features appear to be indistinguishable from those of sporadic PD.
1,2 Twenty pathogenic or putative pathogenic mutations have been identified in familial and sporadic parkinsonism, and 6055GϾA (G2019S) is the most common. [3] [4] [5] [6] The G2019S mutation has been found in various populations across the world, but homozygous substitutions appear to be very rare. 4, 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] This report presents the clinical features of homozygotes and compares them with the clinical phenotype of LRRK2 G2019S heterozygotes in published literature. 8 
METHODS
We recruited patients with PD (hereafter referred to as PD patients) from the following sites: the Institut National de Neurologie in Tunis, Tunisia; Groupe Hô pital de la Pitié-Salpêtrière in Paris, France; the Service de Neurologie at the Centre Hospitalier Universitaire Mustapha in Algiers; the Departments of Neurology and Neurosciences at the Mayo Clinic, Jacksonville, Fla; 59 Parkinson Study Group centers in the United States and Canada, including Indiana University, Indianapolis; and the Department of Neurology at University of Washington School of Medicine and collaborating medical centers in Kirkland and Seattle.
Parkinson disease was diagnosed using United Kingdom PD Society Brain Bank criteria. 17 Family history and demographic information were collected and neurological examinations were completed for all family members. Results of the Mini-Mental State Examination and clinical examination were used to assess cognitive function. In Tunisia, owing to a high prevalence of illiteracy, the MiniMental State Examination may not be a valid measure; therefore, the presence of cognitive impairment was judged only by neurologist assessment. 18 The study sites obtained local ethics committee or investigational review board approval before beginning subject recruitment. Subjects were informed of all aspects pertaining to their participation in the study, and they gave written or proxy consent.
After the first G2019S-homozygous patient was described, this international consortium was formed by one of us (Z.K.W.).
Genotyping of all subjects for LRRK2 6055GϾA (G2019S) was performed by means Author Affiliations are listed at the end of this article. ) and a modification of the single base chain extension assay previously described. 19 Details of all subjects undergoing screening are presented in Table 1 .
RESULTS
The homozygous LRRK2 6055GϾA mutation was identified in 26 PD patients from the following 5 studies: 20 Tunisians (11 women and 9 men in 15 families), 2 Algerians (1 man and 1 woman in 2 families), 16 2 US men (2 families), 1 Canadian man, and 1 Moroccan woman. Demographic and clinical characteristics are presented in Table 2 and Table 3 , respectively. One of the US patients was of Ukrainian and Polish descent, and the other was of Ashkenazi Jewish descent. The ethnicity of all Tunisian, Algerian, and Moroccan patients was Arab Berber.
Three Tunisian clinically unaffected individuals (1 man and 2 women) were homozygous for the mutation. Their The clinical characteristics of PD appeared to be similar among the cases from different study populations (Table 3 ). The mean age at onset was 56 years, ranging from 30 to 82 years, with both extreme values in Tunisian patients. All individuals reported the presence of bradykinesia and rigidity, and all except for 4 Tunisian patients, US patient 24, and Canadian patient 26 reported resting tremor. Of 24 patients reporting their initial PD symptoms, 16 reported tremor or tremor and another symptom. The second most common presenting symptom was a change in gait, reported by 7 patients. Tunisian patients 4, 16, and 18 and US patient 25 reported postural tremor. All patients showed asymmetry of symptoms, but the predominant side was divided almost equally among the 24 responses (11 right and 13 left). Of those patients for whom the information was available, all reported a positive response to levodopa therapy.
Cognitive and psychiatric data were collected from clinical observations and by using the Mini-Mental State Examination. French patient 22 and Canadian patient 26 had MiniMental State Examination scores within the reference range. In general, there were no indications of cognitive impairment, depression, anxiety, or psychiatric abnormalities in any of the homozygous patients, with the exception of "mild memory difficulty" in US patient 24.
Imaging data were available from 15 patients. French patient 21 and US patient 24 had normal findings on computed tomographic scans, and 13 Tunisian patients had normal magnetic resonance imaging results. As of the last follow-up, pathological evaluations were not available for any patients.
COMMENT
Herein we report the clinical characteristics for individuals with homozygous LRRK2 G2019S substitutions. The patients were identified from various international studies, but the characteristics appear to be relatively consistent across studies, despite ethnic differences. The large 
Loss of gait, balance
Loss of gait, balance AR 40
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Rest tremor, rigidity NA 56
Shuffle gait, slurred speech NA
Rest tremor, bradykinesia NA 62 number of patients with the homozygous mutation in Tunisia is likely owing to the high proportion of consanguineous marriages. Eleven (T1-T4, T6-T10, T14, and T15) of 15 Tunisian families and French patients 22 and 23 had consanguinity. The US patient 25 was of Ashkenazi Jewish descent, which is believed to have a higher prevalence of this substitution. 20 The homozygous clinical phenotype is similar to that of sporadic PD and PD with heterozygous G2019S substitutions. Asymmetry is a key element in the diagnosis of PD. All patients had asymmetric onset of various presenting symptoms, but most often tremor. We found no obvious male or female preponderance. Of the main cardinal signs of PD, rigidity and bradykinesia were present in all patients, and rest tremor was present in most of the patients. These characteristics of homozygous patients were comparable with those of the heterozygous patients in various populations who presented most often with asymmetric tremor and also bradykinesia, gait disturbance, rigidity, or micrographia. 4, 7, 8, [10] [11] [12] 14, 15, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Patients with heterozygous substitutions reported the presence of bradykinesia, resting tremor, and rigidity in all or most cases.
The age at onset in homozygous patients ranged from 30 to 82 years, with both extremes in the Tunisian population. The age at onset in heterozygous patients ranged from 28 to 86 years, and encompassed a similarly wide range of values. 8, [10] [11] [12] 14, 15, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] With the exception of 1 patient for whom the information was not available, all of the homozygous patients reported positive responses to levodopa, and most of the heterozygous patients in the literature also reported positive or unknown responses, with the exception of 13 patients from 2 studies. 14, 26 One difference that has been noted is the presence of dementia or cognitive decline in a number of the heterozygous patients, but not in the homozygous patients. 4, 8, 12, 15, 22, 27 This difference may be owing to the small number of patients with homozygous mutations compared with heterozygous mutations.
Overall, we did not find any major clinical differences between PD patients with homozygous and those with heterozygous LRRK2 G2019S substitutions. This finding does not support a gene dosage effect. 
